Mitochondria, which evolved from a free-living bacterial ancestor, contain their own genomes and genetic systems and are produced from preexisting mitochondria by binary division. The mitochondriondividing (MD) ring is the main skeletal structure of the mitochondrial division machinery. However, the assembly mechanism and molecular identity of the MD ring are unknown. Multi-omics analysis of isolated mitochondrial division machinery from the unicellular alga Cyanidioschyzon merolae revealed an uncharacterized glycosyltransferase, MITOCHONDRION-DIVIDING RING1 (MDR1), which is specifically expressed during mitochondrial division and forms a single ring at the mitochondrial division site. Nanoscale imaging using immunoelectron microscopy and componential analysis demonstrated that MDR1 is involved in MD ring formation and that the MD ring filaments are composed of glycosylated MDR1 and polymeric glucose nanofilaments. Down-regulation of MDR1 strongly interrupted mitochondrial division and obstructed MD ring assembly. Taken together, our results suggest that MDR1 mediates the synthesis of polyglucan nanofilaments that assemble to form the MD ring. Given that a homolog of MDR1 performs similar functions in chloroplast division, the establishment of MDR1 family proteins appears to have been a singular, crucial event for the emergence of endosymbiotic organelles. mitochondrial division | chloroplast division | endosymbiosis | Cyanidioschyzon merolae
Mitochondria, which evolved from a free-living bacterial ancestor, contain their own genomes and genetic systems and are produced from preexisting mitochondria by binary division. The mitochondriondividing (MD) ring is the main skeletal structure of the mitochondrial division machinery. However, the assembly mechanism and molecular identity of the MD ring are unknown. Multi-omics analysis of isolated mitochondrial division machinery from the unicellular alga Cyanidioschyzon merolae revealed an uncharacterized glycosyltransferase, MITOCHONDRION-DIVIDING RING1 (MDR1), which is specifically expressed during mitochondrial division and forms a single ring at the mitochondrial division site. Nanoscale imaging using immunoelectron microscopy and componential analysis demonstrated that MDR1 is involved in MD ring formation and that the MD ring filaments are composed of glycosylated MDR1 and polymeric glucose nanofilaments. Down-regulation of MDR1 strongly interrupted mitochondrial division and obstructed MD ring assembly. Taken together, our results suggest that MDR1 mediates the synthesis of polyglucan nanofilaments that assemble to form the MD ring. Given that a homolog of MDR1 performs similar functions in chloroplast division, the establishment of MDR1 family proteins appears to have been a singular, crucial event for the emergence of endosymbiotic organelles. mitochondrial division | chloroplast division | endosymbiosis | Cyanidioschyzon merolae M itochondria are the descendants of an endosymbiosed bacterial ancestor. Due to their evolutionary origin, mitochondria are not synthesized de novo; instead, like free-living bacteria, mitochondria proliferate via binary division of preexisting mitochondria (1, 2) . Mitochondrial division is controlled by a ring-shaped supramolecular complex known as the "mitochondrial division machinery" (Fig. 1 A and B and Fig. S1 ) (1) (2) (3) (4) (5) . This chimeric structure includes three types of rings that originated from bacterial and eukaryotic membrane fission systems: the mitochondrion-dividing (MD) ring, the FtsZ ring, and the dynamin ring. The MD ring (6) is the main skeletal structure of the machinery and is an electron-dense specialized structure that is occasionally observed as a fine filament bundle on the cytosolic side ( Fig. 1C and Fig. S2 A-C) (7). However, previous studies have indicated that the filaments of the MD ring are not composed of conventional protein polymers such as actin and tubulin (2), and it is unknown which molecules constitute the MD ring. The FtsZ ring, which is composed of the bacterial division protein homolog FtsZ (8, 9), forms beneath the inner mitochondrial membrane on the matrix side (Fig. S2D) . Third, the dynamin ring, which is composed of the mechanochemical GTPase dynamin-related protein Dnm1, assembles as a ring-like structure on the cytosolic side of the MD ring ( Fig. S2E ) (10) (11) (12) . Also, some additional mitochondrial division proteins have been identified (3) (4) (5) , such as the WD40 repeat-containing protein Mda1 (also known as "Mdv1" in yeast) (Fig. 1A) (13) . Importantly, the MD ring appears to have the most distinctive structure among these rings; therefore, identifying the molecular components of the MD ring should provide insights into the fundamental principles of mitochondrial division. To explore the molecular components of the MD ring, we used the unicellular red alga Cyanidioschyzon merolae (14, 15) . C. merolae cells contain a single mitochondrion and a single chloroplast (plastid), and the division of these organelles can be highly synchronized (Fig. S1A ). This alga is the only organism for which protocols for isolating intact mitochondrial and plastid division machinery
Significance
The mitochondrion-dividing (MD) ring mediates binary division of mitochondria. However, the molecular identity of the MD ring is currently unknown. We show that the glycosyltransferase MITOCHONDRION-DIVIDING RING1 (MDR1) regulates the synthesis of the polyglucan nanofilament bundle that assembles the MD ring. MDR1 is essential for mitochondrial division and forms a single ring at the mitochondrial division site in the unicellular red alga Cyanidioschyzon merolae. Nanoscale imaging and componential analysis demonstrated that MDR1 is involved in MD ring formation and that the MD ring filaments are composed of polymeric-glucose nanofilaments. An MDR1 homologue performs a similar function in chloroplast division, suggesting that the establishment of the MDR1 family was crucial for the emergence of endosymbiotic organelles. have been established (7, 16, 17) . These biological features and the availability of the complete genome sequence of C. merolae have enabled the use of multi-omics approaches to study the underlying principles of mitochondrial and plastid division ( Fig.  S1 B and C) . In this study, we show that the glycosyltransferase MITOCHONDRION-DIVIDING RING1 (MDR1) regulates the synthesis of the polyglucan nanofilament bundle that assembles the MD ring. An MDR1 homolog performs a similar function in plastid division, suggesting that the appearance of the MDR1 family was a prime event for the establishment of endosymbiotic organelles.
Results and Discussion
Identification of a Mitochondrial Division Protein, MDR1, Using a Multi-Omics Analysis. To provide an initial molecular characterization of the MD ring, we analyzed C. merolae cells using a combination of histochemical staining for saccharides and electron microscopy (EM). We identified positive electron-dense deposits on the MD ring (Fig. 1D, arrowheads and Fig. S2 F and G) , indicating that saccharide molecules are a component of the MD ring. Thus, we next searched for the responsible glycosyltransferase involved in MD ring assembly using a multi-omics approach. We developed a protocol to isolate complex structures of the mitochondrial and plastid division machinery (termed the "division machinery complex") ( Fig. 1E and Fig. S1B ) and subjected the isolated fraction of the division machinery complexes to highresolution proteome analysis. Using this approach, we identified 185 genes, including 131 annotated genes (some of which were mitochondrial and plastid division genes) and 54 unknown genes (Fig. 1 F and G and Table S1 ). These genes, combined with a timecourse transcriptome dataset from synchronized C. merolae cells (18) , were classified into eight groups (groups 1-8) by hierarchical clustering analysis (Fig. 1H, Left and Fig. S3 ). The genes in groups 2 and 6 showed specific gene-expression patterns indicative of a role in mitochondrial division (Fig. 1H , Right and Fig. S3 ), including a glycosyltransferase (CMJ262C) in group 6, which we designated "MITOCHONDRION-DIVIDING RING1" (MDR1) (Fig. 1I) . The primary feature of the deduced 700-aa sequence of MDR1 is a glycosyltransferase domain in its N-terminal region (residues 100-377) and putative five-repeat transmembrane (TM) domains in its C-terminal region (Fig. 1I ). MDR1 homologs are Isolated division machinery complex Conventional staining method Saccharide staining method Interphase cell Dividing cell widely conserved in various eukaryotes and possess a specific signature in their glycosyltransferase domains (Fig. 1I and Fig. S4 ). Immunoblot analyses using anti-MDR1 antibody ( Fig.  1J ) and synchronized cells showed that, like MDR1 mRNA expression (Fig. 1H ), MDR1 protein expression was specifically detected during the mitochondrial division phase, as was observed with the FtsZ1 and Mda1 proteins (Fig. 1K) . After nonionic detergent treatment of an isolated mitochondrial fraction using Nonidet P-40, MDR1 was retained in the insoluble fraction containing the division machinery complexes and mitochondrial membranes and not in the soluble fraction containing matrix components (Fig. 1L) . Furthermore, we investigated the amount of MDR1 protein in the fractions obtained at each isolation step by immunoblot analysis. When equal amounts of protein samples from each isolation step were subjected to immunoblot analysis, the concentration of MDR1 was found to increase gradually with each isolation step and was most highly concentrated in the isolated division machinery complex fraction (Fig. 1M) . Taken together, these findings suggest that MDR1 is a mitochondrial division protein.
Intracellular and Subcellular Localization of MDR1 on the Mitochondrial
Division Machinery. Immunofluorescence microscopy showed that fluorescence signals corresponding to MDR1 were not detected in the cell during interphase ( Fig. 2A) and that MDR1 assembled into a single ring structure at the midregion of a mitochondrion just before the mitochondrial division phase (Fig. 2B) . During mitochondrial division, the MDR1 ring was retained at the division site ( Fig. 2 C-F) , indicating that MDR1 is an important component of the mitochondrial division machinery and is likely responsible for the contraction of the mitochondrial division site. Furthermore, MDR1 was uniquely and uniformly identified on the isolated mitochondrial division machinery ( Fig. 3 A and B, Upper) , even on the spiral form of the division machinery resulting from cutting off the ring-shaped machinery (Fig. 3B, Lower) . To investigate whether MDR1 is an accessory or basal component of the MD ring, we examined the persistence of MDR1 proteins in the isolated mitochondrial division machinery via a partial solubilization assay using the zwitterionic detergent CHAPS. After the treatment, most of the isolated mitochondrial division machinery was present in straight form, and Dnm1, Mda1, and FtsZ1 were removed from the washed mitochondrial division machinery, but MDR1 protein was retained (Fig. 3C) , suggesting that MDR1 is a fundamental component of the MD ring. Based on these findings, we next explored the nanoscale localization of MDR1 in the MD ring by immunoelectron microscopy (immuno-EM) to identify the structural relationship between MDR1 and the MD ring. Immunosignals indicating MDR1 proteins were detected mainly in the inner periphery of the MD ring (Fig. 3D) . Furthermore, examination of a region of loosened filament bundles showed that immunogold particles localized to an MD ring nanofilament (Fig. 3E, arrowheads) . These microscopy observations and the presence of putative TM domains in the MDR1 sequence indicate that MDR1 localizes along the division site on the outer mitochondrial membrane and is incorporated into the inner periphery region of the MD ring in vivo.
Identification of Glycosylated MDR1 and Glucose Molecules in the MD
Ring Nanofilaments. To further clarify the molecular relationship between the MD ring, MDR1, and saccharide molecules, we explored the componential profile of the MD ring. To increase the yield of isolated mitochondrial division machinery for subsequent analysis, we arrested both the cell cycle and mitochondrial division of C. merolae cells via treatment with the DNA synthesis inhibitor camptothecin (19) , as the MD ring normally continues to mature at the mitochondrial division site in the cell (Fig. 4 A and B and Fig. S5 ). Thus we obtained overdeveloped mitochondrial division machinery, which appeared to have stronger immunofluorescence signals from MDR1 (Fig. 4C ) than the control (Fig. 3B) . Immuno-EM observation of the overdeveloped mitochondrial division machinery showed that the MD ring consisted of a bundle of MD ring filaments that was ∼1.8-fold thicker (bundle thickness ∼79.5 nm) (Fig. 4D) Gene-expression profiles of the genes were obtained using a dataset from a previous transcriptome analysis (18) . (I) Schematic representation of the putative assembly process of MD ring filaments by MDR1. (Fig. 3D) . Using this fraction, we carried out an in-gel assay to detect glycosylated proteins to determine whether MDR1 is linked with saccharide molecules. Specific signals from fluorescentlabeled glycosylated protein were detected in the isolated mitochondrial division machinery fraction and the overdeveloped division machinery fraction, whereas no signals were detected in a control sample derived from interphase cells (Fig. 4E, Upper) . Immunoblot analysis confirmed that the signals were derived from MDR1 (Fig. 4E, Lower) . Moreover, the signal intensity of fluorescently labeled glycosylated protein was positively correlated with that of MDR1 protein. Taken together, these results suggest that MDR1 binds to saccharide molecules. Next, we investigated which types of saccharide molecules bind to MDR1 and are included in the MD ring filaments. After deproteinization of the isolated mitochondrial division machinery (SI Materials and Methods), the MD ring filaments were retained in the nondegradable fraction (Fig.  4F) . We analyzed the composition of this fraction and found that the MD ring filaments contained only glucose (Fig. 4G) . Taken together, these results indicate that the MD ring filaments are composed of both MDR1 protein and polyglucan nanofilaments. Although the mechanism by which MDR1 synthesizes the MD ring filament is unclear, analysis of the glycosyltransferase domain of MDR1 indicated that it belongs to the glycosyltransferase-8 subfamily (Fig. S4A) . As glycogenin, which catalyzes the biosynthesis of glycogen from a UDP glucose donor substrate (20, 21) , also belongs to this subfamily, we reasoned that MD ring synthesis may occur via a mechanism that resembles glycogen synthesis. Indeed, the expression of UDP-glucose pyrophosphorylase (UGP), which catalyzes the production of UDP-glucose (22), a central metabolite in carbohydrate metabolism, increased just before the expression of MDR1 (Fig. 4H) . Glycogen/starch synthase (GS/SS) did not show a phase-specific expression pattern (Fig. 4H) , suggesting that the synthesis and elongation of the MD ring filament might be mediated solely by MDR1 (Fig. 4I ).
MDR1 Plays a Critical Role in the Assembly of the MD Ring. Finally, we knocked down MDR1 expression via antisense suppression (SI Materials and Methods). Antisense-MDR1 significantly reduced the frequency of successful mitochondrial division compared with control cells (P < 0.001; Fisher's exact test) ( Fig. 5 A  and B) , and immunofluorescence microscopy confirmed that MDR1 was not expressed in the antisense-MDR1 cells (Fig. 5C ), suggesting that MDR1 is essential for mitochondrial division. In the antisense-MDR1 cells, FtsZ1 was expressed and localized to the mitochondrial division site, as in the control (Fig. 5D , Top and Fig. S2D ). However, fluorescence signals for Mda1 were not detected (Fig. 5D, Middle) , and fluorescence signals for Dnm1 were detected in the cytosol but did not accumulate at the mitochondrial division site (Fig. 5D, Bottom) . Previous studies have shown that FtsZ proteins localize to the division site and form the FtsZ ring before MD ring assembly (2, 11) . After MD ring assembly, both Mda1 and Dnm1 proteins accumulate on the MD ring (11, 13) . Therefore, the protein distribution patterns of FtsZ1, Mda1, and Dnm1 in antisense-MDR1 cells were expected, and they reinforce the notion that MDR1 plays a critical role in the assembly of MD ring filaments and the formation of the MD ring ( Fig. S6 A and B) .
Appearance of the MDR1 Family Protein Might Be a Prime Event for the Establishment of Endosymbiotic Organelles. The MDR1 homolog PDR1 is required for the assembly of the plastid-dividing (PD) ring, which consists of a polyglucan filament and performs plastid division in C. merolae (17) . Given that both mitochondria and plastids evolved from free-living bacteria, the compelling structural and componential similarity between the MD and PD rings suggests that these ring structures were established in host cells as endosymbiotic organelle-dividing (EOD) rings that control the proliferation of endosymbiotic organelles during early evolution (Fig. S7) . When the earliest endosymbiotic event occurred in the host eukaryotic ancestor, the endosymbiont (referred to as "alpha-proteobacteria") would not have divided and would have been transferred to one of the daughter cells during the proliferation of the host eukaryote. Therefore, it is likely that the host eukaryotic ancestor had to capture the endosymbiont repeatedly via predation. Subsequently, a primitive division machinery comprised of the MDR1-mediated EOD ring (the MD ring) emerged for proliferation of the endosymbiont, and this allowed the host cell to possess the endosymbiotic organelle permanently as mitochondria via binary fission of preexisting mitochondria and equipartition to daughter cells. Similarly, the plastid is also thought to have evolved from a cyanobacterial ancestor via the establishment of the division machinery comprised of the PDR1-mediated EOD ring (the PD ring). Concurrently, the appearance of EOD rings (composed of specific glycosyltransferase proteins and polymeric glucose nanofilaments) might have been a crucial, singular event for the emergence of endosymbiotic organelles.
Although the molecular functions of MDR1-and PDR1-like genes in higher eukaryotes remain enigmatic, these genes are well conserved in various taxonomic groups of eukaryotes (Fig.  S4A ). In addition, given the structural differences in domain architecture between MDR1 and PDR1, except for the presence of the glycosyltransferase-8 domain (Fig. S4 A and B) , other uncharacterized proteins containing the glycosyltransferase-8 domain might also function in a similar manner in mitochondrial and plastid division in higher organisms. Thus, further investigation of MDR1, PDR1, and the uncharacterized glycosyltransferase-8 proteins should provide insights into long-standing questions about the origin of eukaryotic cells and the conserved proliferation mechanisms of mitochondria and plastids throughout eukaryotic cells.
Materials and Methods
Synchronization and Isolation of Intact Mitochondrial and Plastid Division Machinery. C. merolae strain 10D cells (14) were used in this study. Synchronization, isolation of mitochondria and plastids, and isolation of intact mitochondrial and plastid division machinery were performed as described previously (7, 17) . See SI Materials and Methods for details.
Liquid Chromatography-MALDI-TOF-MS Analysis, Data Analysis, and MASCOT Searches. The protein profiles of the samples were obtained by a MS/MS ions search using a liquid chromatography (LC)-MALDI-TOF mass spectrometer in reflectron mode. The LC-MALDI-TOF mass spectrometer comprised the following: a Prominence nanoHPLC system (Shimadzu) and Presto FF-C18 column (1.0 × 150 mm; Imtakt) for separating the peptide mixtures in the samples, AccuSpot autospotter (Shimadzu) for spotting the separated samples onto the MALDI sample plates, and an AXIMA Performance mass spectrometer (Shimadzu) for MALDI-TOF/TOF-MS analysis. The identified proteins are listed in Table S1 . See SI Materials and Methods for details.
Immunofluorescence Microscopy and Immunoblotting. Immunofluorescence microscopy and immunoblotting of whole cells and isolated mitochondrial and plastid division machinery were performed as described previously (7, 17) . The primary antibodies used were anti-MDR1 (this study; see SI Materials and Methods), PDR1 (17), Mda1 (13), Dnm1 (11), FtsZ1 (11), mitochondrial elongation factor (EF)-Tu (19) , and porin (7) . See SI Materials and Methods for details.
EM. EM, immuno-EM, negative staining, and carbohydrate staining were performed as described previously (17) . See SI Materials and Methods for details.
